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INTRODUCTION
The light driven chemical conversion of water to molecular oxygen and protons is performed in nature by a single enzyme, the Photosystem II (PSII) pigment-protein supercomplex [1] [2] [3] [4] [5] . Light absorption is followed by transfer of excitation to the reaction centre of PS II, leading to subsequent charge separation and the creation of a powerful Chl-a based oxidant, P680
▪+ . This radical cation has the potential needed to oxidise water. Water oxidation is performed in a step-wise fashion through the coupling of P680 ▪+ to the Mn 4 CaO 5 cluster of the oxygen-evolving complex (OEC) via a redox active tyrosine residue (Tyr Z ). Each light absorption event, followed by charge separation, then proceeds to oxidise the cluster by extracting a single electron. After four oxidation events, the cluster then takes four electrons from two molecules of water, releasing molecular oxygen whilst returning the OEC to its least oxidised configuration [6] . The catalytic cycle of PS II is described in terms of a series of intermediate (S i ) states, where the subscript i denotes the number of stored oxidising equivalents in the manganese cluster.
Significant advances have recently been made in a broad range of experimental studies [7] focussing on the OEC and its Mn 4 CaO 5 cluster in particular. The imperative has been to determine a detailed mechanism of water oxidation. Of greatest significance in this quest have been improvements in structural data [2] , including the spectacular development of free electron laser-based femtosecond X-ray techniques [8] [9] [10] . Structures now exist for the resting state S 1 as well as S 3 , which is the ultimate metastable state prior to O-O bond formation.
Crystallographic data alone cannot provide the level of detail needed to determine the electronic structure of the OEC and subsequently the mechanism of water oxidation. In this paper we describe the utility of Magnetic Circular Dichroism (MCD) as an incisive probe of the electronic structure of the Mn 4 CaO 5 cluster, as poised in each metastable S-state. The MCD technique [11] is a natural partner to EPR spectroscopies [12, 13] . MCD displays equivalent sensitivity in both even and odd electron systems. Strong magnetic fields (>1 T) and low temperatures (<4 K) can create a situation where Zeeman splittings are comparable to both kT and ground state electronic energy spacings. MCD signals then become non-linear in magnetic field strength [14, 15] . Analysis of these curvatures is very sensitive to magnetic coupling between metal ions [16] .
MCD thus promises to be a powerful and multi-faceted window on and into the Mn 4 CaO 5 cluster.
It has long been known that near-IR illumination of PS II in the 700 nm -900 nm region gives rise to dramatic changes in the EPR spectra of the Mn 4 CaO 5 cluster. In particular, near-IR illumination of the S 2 state at 140 K has been shown to change the spin configuration of the S 2 ground state [17] [18] [19] There are two electronic configurations of S 2 , a low spin (S = 1/2, multiline) state and a high spin (S = 5/2, g ≥ 4.1)
state. These have been assigned to two proposed structural forms of the Mn 4 CaO 5 cluster [20, 21] .
Near-IR illumination at lower temperatures (<20 K) can facilitate the formation of intermediates in
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which an electron is taken from Tyr Z and returned to the Mn 4 CaO 5 cluster [22] . For the S 3 state, near-IR illumination at ≈10 K generates a distinctive EPR 'split signal', characteristic of an organic radical species coupled to a high-spin metal-based magnetic moment. This split signal for S 3 is ascribed to an S 2 Y Z ▪ -like intermediate [23] [24, 25] [26, 27] . The EPR action spectra of the S 2 and S 3 near-IR induced photoconversion processes, as well overall yields, are similar. Both peak at ≈760 nm [28] and both processes are reversible upon warming.
The Mn 4 CaO 5 based absorption responsible for the S 2 photo-activity has variously been attributed [17] [29] [30] bipyramidal Mn(IV) structure proposed [31] for the 'open' form of the S 3 state.
We recently reported [32] OEC based MCD features in PS II core complexes of T. vulcanus evident at 770 nm and 800 nm. These MCD features were strongly temperature dependent and saturated at high magnetic fields, indicating a predominantly paramagnetic species. The 770 nm-centered feature seen was provisionally assigned to a d z 2 →d x2-y2 transition of a Mn(III) within the Mn 4 CaO 5 cluster of the OEC, based on an analogy to a feature of similar amplitude seen in a manganese catalase (MnCat) [33] [34] [35] , an enzyme that is structurally related to the OEC [36] .
This study was able to clearly establish the chromophores responsible for stronger MCD features that overlap with weaker MCD signals associated with the OEC. The interfering signals at shorter wavelengths are primarily due to temperature-independent, B-term MCD arising from Chl-a based excitations. These originate from both a small (1%) component [37] of PS I present in the PS II preparation, as well as longwavelength charge transfer absorption [38] of PS II. Strongly temperature dependent (C-term) MCD at longer wavelengths is due to Ligand-to-Metal Charge Transfer (LMCT) transitions of oxidised cyt b 559 and cyt c 550 . The MCD C-term characteristics of these LMCT transitions [39] make them difficult to separate from the (weaker) OEC based bands, as the latter have similar field and temperature dependencies.
In the initial report, our PS II core complexes were not poised in a specific S-state of the enzyme. After handling the sample in minimal light and a brief (5 minute) dark adaption period, the sample would have been predominantly in the (stable) S 1 state, with perhaps some S 2 and S 0 contributions. In response to the limitations of the exploratory study, we have made significant improvements in sample illumination protocols, sample cell design and overall spectrometer performance. These enhancements have led to a ≈10
fold increase in sensitivity as well as a ≈100 fold improvement in baseline stability.
In this paper, we report variable-temperature, variable-field (VTVH) MCD spectra for PS II which has been pre-flashed to create a well-defined S 1 state and advanced further to the S 2 , S 3 and S 0 states in the usual way, i.e. via one or more closely spaced (≈3 Hz) and intense nanosecond YAG laser-flashes. We also report the four-flash spectrum, which restarts the Kok cycle. Apart from a pre-flashed and fully darkadapted S 1 state, laser-flashed samples are invariably mixtures of S-states, owing to S-state advancement 'misses' and 'double hits'. We use the labels f0(S 1 ), f1(S 2 ), f2(S 3 ), f3(S 0 ) for spectra of the 0, 1, 2, 3 flash-
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T th October 2017 advanced samples, having S 1 , S 2 , S 3 and S 0 as targeted components. Appropriate calibration and manipulation of these spectra allow individual S-state spectra to be determined. 
Materials and Methods
Spectrometer System Improvements
The basic spectrometer system utilised, capable of measuring absorption, CD and MCD spectra, has been previously described [40] [41] . A number of significant enhancements to the spectrometer system have been introduced. These improvements have led to a greatly increased sensitivity and stability of the system. In particular, the issue of zero levels and field dependent baseline in MCD has been fully resolved.
The enhancements implemented and performance characteristics achieved are provided in the SI_2.1.
Hydrophobic/Lipophobic Sample Cells
The increased stability and sensitivity of our spectrometer has placed a far greater emphasis on limitations arising from the poor and variable (2-10%) transmission of samples at low temperatures. This low transmission was due to the characteristic opalescence of thick, low temperature glasses formed when using sample cell designs developed previously [42] . We were able to create highly reproducible samples with ten times greater transmission, by coating the sample cell with a thin but robust hydrophobic/lipophobic film. Samples frozen in these coated cells also exhibited far less strain birefringence, which enabled reproducible MCD baselines. A description of the development, production, and performance characteristics of these cells is provided in SI_2.2.
Sample Illumination Systems and Protocols
Samples were advanced into the higher S-states using the well-established 'saturating flash' technique of illumination by intense 5 ns flashes from a high power Q-switched YAG laser operating at 532 nm, in our case an injection-seeded Continuum Powerlite 8000. In our optical experiments, samples needed to be flashed with the sample cell already loaded with PS II sample and the cell installed in the sample rod. As the optical density of the sample at 532 nm was ≈4 OD units, the ≈300 mJ pulses from the laser were split into two equal intensity components, illuminating both the back and front of the sample cell simultaneously.
To poll a pre-loaded PS II sample accurately into a uniform S 1 state, the sample was pre-flashed once and left in the dark for 60 minutes before transfer to the cryostat. S 1 is the resting state of the OEC, However, a fraction of the S 1 population will have been formed by the slow decay of an S 0 component of the population, S 0 having been created when the sample was exposed to light. This S 0 decay process leaves
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A C C E P T E D M A N U S C R I P T To poise the sample in higher S-states, so as to enable the measurement of f1(S 2 ), f2(S 3 ) and f3(S 3 ) spectra, the pre-flash procedure was repeated and the sample then flashed 1, 2 or 3 times, with pulses spaced by 0.3 s. The sample rod was then transferred to the superconducting magnet cryostat via a lock and frozen within ≈1-2 minutes. This process is rapid enough for thermophilic cyanobacterial samples, as they display [43] slow S-state deactivation rates. The rapid-action docking system was constructed so that the transfer to the cryostat could be performed with the sample kept in complete darkness, thus avoiding unintentional scrambling of S-states. The apparatus is described in SI_2.3.
For near-IR illuminations at 775 nm, a ≈300 mW continuous wave (CW) Ti:S laser (Schwartz EO) pumped with a Continuum Verdi G CW laser operating at 532 nm was used. Significant care was taken to remove all extraneous visible light from the illumination beam (see SI_2.3).
Multifrequency EPR measurements
CW X-Band EPR measurements were performed at 5-15 K using a Bruker E500 spectrometer, equipped with an Oxford Instruments ESR 935 cryostat and ITC4 temperature controller. W-band EPR experiments were performed at 4.8 and 7 K using a W-band EPR spectrometer (Bruker ELEXSYS E680)
operating at ≈94 GHz, as previously described [44, 45] . A Hahn echo sequence was used to collect the EPR spectra i.e. t p  t p echo. The length of the /2 microwave pulse was generally set to t p  = 8 ns (S 3 signal) and 40 ns (S 2 signal). The interpulse distance was ≈260 ns.
MCD and EPR S-state controls for T. vulcanus PS II
The PS II samples were very similar to those previously used [32] The precision of PS II MCD spectral baselines, when utilising the upgraded spectrometer and hydrophobic/hydrophillic sample cells, was established by a comparison with spectra taken at 5 T and -5 T (Fig SI_2.5a ). Previously published PS II MCD spectra of T. vulcanus in the S 1 state, once corrected for baseline offsets, were seen to be essentially identical to those [32] presented previously (Fig SI_2.5b) .
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Tris-washed samples show ( Fig. SI_2 .5c) a reduction in C-term MCD. This is attributable to a loss of cyt c 550 . In the Tris-washed samples, the structured OEC MCD characteristic in S 1 , S 2 and S 3 is absent.
X-and W-band EPR experiments were performed to monitor the behaviour of the same batch of active PS II preparation, in the same glassing mixture and buffer as was used in the optical experiments, albeit at lower concentrations for X-band measurements. S 2 multiline signals were readily obtained from the sample with yields of ≈80%. Yields of S 3 , as monitored by the reduction of S 2 multiline intensity upon two saturating YAG laser-flashes were ≈40%. This is comparable to what other workers have obtained [47] .
Near-IR illuminations of the S 2 sample at 140 K led to minimal conversion to the S 2 -g4 form of S 2 , as monitored by the depletion of the S 2 multiline EPR signal at X-band. This is currently attributed to the use of the ethylene glycol/glycerol glassing agent needed for optical experiments. Similarly near-IR illumination of the S 3 state led to minimal yield of any Tyr Z split signal at W-band. spectra in Fig. 1 shows the variation of MCD spectra with magnetic field intensity. The sample was then returned to room temperature in the dark, pre-flashed again and dark-adapted for a further 60 minutes so as to recalibrate the S 1 state, i.e. free of higher S-states and without Tyr Z oxidation.
Results
S-state dependent PS II MCD overview
The sample was then YAG laser-flashed so as to advance it to S 2 of the Kok cycle. The field dependent measurements for f1(S 2 ) are shown in Fig.1 . This procedure was then repeated to explore the f2(S 3 ), f3(S 0 ) and f4(S 1 ) configurations of the sample (SI_3.2). The same series of measurements, all made on the same sample, also included measurements of f1*(S 2 ) and f2*(S 3 ) for which the sample was laser-illuminated at 780 nm (SI_3.2). Finally, the (scrambled) f4(S 1 ) sample was dark-adapted for 60 minutes and shown to quantitatively reproduce the f0(S 1 ) spectrum.
Except for the f0(S 1 ) spectrum, for which the entire PSII sample rests in the S 1 state, subsequent measurements shown in Fig.1 and elsewhere interrogate heterogeneous samples in which a number of Sstates are present. The single-flash spectral set of Fig. 1 , labelled as f1(S 2 ), exhibits three narrow features, at 749 nm, 773 nm and 808 nm compared to the two features previously reported [32] in S 1 at 770 nm and 800 nm. The three features in f1(S 2 ), display the same field dependence and the features can be attributed to the multiline (g=2) form of the S 2 state. As the YAG laser-flash induced yield of S 2 obtained in EPR control experiments has been determined to be ≈ 80%, any residual S 1 MCD component in f1(S 2 ) spectra is small, especially as the OEC MCD of S 1 is weaker than that of S 2 .
Clear, but less dramatic changes in MCD occur when advancing to the f2(S 3 ) spectrum. The S 2 to S 3 flash-induced transition was also monitored in our samples in EPR. In EPR experiments (Fig. 2 ), the S 2 to S 3 process was seen to have a yield of ≈40%, as estimated by the loss of the S 2 state; a lower yield for this
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step (compared to the S 1 to S 2 step) is mostly due to the accumulation of centres which experience a 'miss', i.e. the percentage of centres advanced per flash is maximally 80%, the maximum two flash yield is 0.8 x 0.8 = 64%. With short (5-10 ns) YAG laser-flashes, 'double hits' are unlikely. We also note that for the sample to advance past S 2 , the mobile plastoquinone acceptor Q B needs to be in its binding pocket.
In the optical experiments, the yield of S 3 is seen to be very similar to that measured in EPR. The S 3 yield in the optical experiment can be estimated from the amplitude of the narrow S 2 MCD features remaining and scaling to the corresponding narrow S 2 features seen in the f1(S 2 ) spectra. By this method, the S 3 yield (from S 2 ) is determined to be ≈40%. This value is comparable to that seen (i.e. 46%), for PS II microcrystals prepared from the same material T. Vulcanus, reported in the current XFEL S 3 structure [8] ,
as estimated from parallel FTIR measurements.
As the contribution of S 1 to flash-advanced MCD spectra is small, subtracting 60% of f1(S 2 ) from f2(S 3 ) provides a pure S 3 MCD spectrum. This spectrum can then be scaled to the magnitude corresponding to a 100% yield of S 3 from S 1 . The scaled S 3 spectrum is shown in Fig. 3 and exhibits a slightly broader, blue shifted (-) MCD peak at 764 nm, with a resemblance to the weaker 770 nm peak in S 1 and also to the narrower and stronger 773 nm peak in S 2 . The S 2 spectrum in Fig. 3 is also scaled to correspond to a 100 % yield from S 1 .
The field dependent behaviour of the S 3 feature in Fig. 1 is distinctly different from that of the S 1 and S 2 features. At 1.80 K the 762 nm S 3 feature approaches saturation between 1 T and 2 T, whereas those of S 2 saturate between 4 T and 5 T.
A first sight, the f3(S 0 ) MCD spectra in Fig. 2 do not appear to be greatly different to those for f2(S 3 ).
In both, there is a similar shoulder on the remnant of a (narrow) S 2 feature at 773 nm. However, the saturation behaviour of the shoulder near 764 nm in f3(S 0 ) is different from that of either f1(S 2 ) or f2(S 3 ) as seen by the nesting behaviour near 744 nm. The yield from S 2 to S 0 is ≈40%. This relatively high yield, given the S 2 to S 3 yield was similar, can be attributed to the relatively long lifetime of the S 0 state compared to S 3 and the short period (-0.2 s) between the second and third YAG laser-flashes for the f3(S 0 ) experiment, resulting in negligible S 3 to S 2 decay in this period.
Once the yield of S 0 has been determined, a scaled S 0 spectrum can be obtained from the data in Fig 1. S 0 exhibits a single, relatively broad negative feature peaking with an apparent minimum near 764 nm. Fig.   3 provides the MCD spectra of PS II in the metastable Kok states, S 1 , S 2 , S 3 and S 0 . These spectra were all generated from the same PS II sample and were measured under an identical set of experimental conditions.
VTVH MCD spectra
The temperature dependence of MCD spectra in the near-IR region is shown in Fig 4. These spectra demonstrate the paramagnetic nature of the unstructured MCD at wavelengths longer than 800 nm, present to a very similar extent in each S-state. Such temperature dependent behaviour has been studied previously for S 1 [32] and is due to the high-energy tail of the intense, broad LMCT transitions of oxidised cytochromes which peak near 1600 nm. At wavelengths shorter than 750 nm, Fig. 4 ). 
S 1 OEC MCD characteristics
The modelling in Fig. 5 shows that the experimental data for S 1 can be accounted for by using a J value close to -0.2 cm -1 . This corresponds to a splitting between the S=0 lowest state and the S=1 first excited state of the cluster of 0.4 cm -1 . This is significantly smaller than the value of 1.7 cm -1 inferred from the temperature dependence of the EPR of the S 1 state in spinach. Detailed modelling (Fig. SI_3.2b ) shows that at temperatures lower than 1.6 K, the difference between weakly diamagnetic J = -0.2 cm -1 behaviour and isotropic tanh(gH/2kT) behaviour becomes easily distinguishable at low fields. Such experiments are feasible and will make quantification of weak diamagnetism more definitive. However as the saturation behaviour seen is indeed similar to that of a g = 2 S = 1/2 system and diverges significantly from the diamagnetic splitting determined from EPR collected in spinach, we cannot not completely exclude the possibility that the 770 nm feature signal arises from a sub-fraction of centres. This may reflect inhomogeneity of the S 1 state or arise from a small population (≈10%) of centres existing in a completely dark stable S 2 state.
S 2 OEC MCD characteristics
The S 2 state of PS II is very well studied. ) than that seen in higher plants.
The well-structured S 2 MCD features associated with the OEC are stronger than those of S 1 . As the yield of S 2 is high (≈80%), a subtraction of f1(S 2 ) and f0(S 1 ) spectra provides a good approximation for OEC-based MCD of S 2 . Such spectra are provided in Fig SI_3.2c and were used to determine the field dependence in Fig.5 for S2. In Fig SI_3.3a , B-term contributions to the MCD, i.e. from Chl-a absorptions at short wavelengths, are eliminated by the subtraction of corresponding spectra of f1(S 2 ) and f0(S 1 ). These B-terms change very little upon flash advancement and can be shown to be almost identical in each step (Fig. SI_3.2c) . LMCT MCD C-term features dominate at longer wavelengths, these arise from both (Fig's. SI_2.5c,d ).
When the f1(S 2 ) sample was illuminated with a 780 near-IR laser at 140 K, to create f1*(S 2 ), measurable changes were seen in the MCD (Fig. SI_3.2d ). Comparing the MCD spectra before and after illumination only small (5-10%) bleach of the S 2 multiline features occurred and a broad negative high-g MCD feature attributable to S 2 -g4 was generated at short wavelengths ( Fig. SI_3.2e) . EPR measurements confirmed a low yield of S 2 -g4 in our samples.
S 3 OEC MCD characteristics
The f2(S 3 ) spectra in Fig. 1 exhibit a feature near 760 nm associated with the S 3 state. A systematic subtraction of narrower (associated with S 2 ) features provides spectra from which a field dependence of the 760 nm S 3 feature can be obtained. The field dependence is shown in Fig. 5 , which demonstrates that S 3 state saturates at low magnetic fields, with its initial slope approximately twice that seen for S 2 .
The high field (W-band) EPR spectrum can be simulated using a model [44] in which the Mn atoms ACCEPTED MANUSCRIPT
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couple to form a well-isolated S = 3 ground state. In a high spin system, the unpaired spins of all Mn atoms interact by means of both spin-spin and spin-orbit mechanisms. This breaks the degeneracy of the spin mulitplet at zero-field and a fine structure tensor (D) needs to be introduced. The S 3 state EPR data is consistent with the cluster having a small, negative, rhombic zero-field splitting with D ≈ 0.2 cm -1 . This relatively small value is consistent with the cluster having four octahedrally coordinated Mn(IV) ions.
The magnetic saturation properties of MCD signal(s) provide additional information, not accessible by EPR. MCD saturation curves depend on the (ground state) spin Hamiltonian terms mentioned above and additional terms associated with the product of transition moment vector components M x,y,z , between the ground sate and the electronic excited state. SI_3.2b, which shows modelling of the weak diamagnetism of S 1 , is an example of the type of behaviour that could lead to an independent determination of the D parameter. The yield-corrected S-state spectra in When the f2(S 3 ) sample was illuminated using 775 nm near-IR laser light at 1.8 K, significant spectral changes occurred (Fig. SI_3.2f) . A comparison of MCD spectra taken before and after illumination ( 
S 0 OEC MCD characteristics
The S 0 state of PS II is not as well studied as other S-states, even though S 0 is an odd electron configuration and nominally well-suited to the EPR technique [51, 52] [53, 54] . Well-structured S 0 EPR spectra can be obtained from cyanobacterial PSII samples and in spinach samples when methanol is added.
There is little doubt that our f3(S 0 ) spectrum has advances with good yield to S 0 as the [f3(S 0 )-f2(S 3 )] spectrum closely replicates an inverted S 3 spectrum. When the f4(S 1 ) spectrum is compared to that of f3(S 0 ) (SI), it is evident that the negative MCD B-term associated with S 0 is reduced (Fig. SI_3.2k ), indicating that a significant fraction of S 0 advances to S 1 . The f4(S 1 ) spectrum can be attributed to ≈50% S 2 , 10% S 3 and ≈10% S 0 , with the remainder (≈30%) being S 1 .
There are no identifiable OEC based MCD features in the S 0 with VTVH behaviour similar to those seen for S 1 , S 2 , and S 3 . The very broad and featureless negative B-term MCD appears to be unique to S 0 .
Determining OEC-based spectra of each S-state
A comparison of S-state MCD spectra in Fig. 3 along with the temperature dependent data in Fig. 4 help discriminate between features due to S-state advancement within the OEC and those due to other cofactors of PS II. There is minimal change in B-terms associated with Chl-a components of PS II in the advancement process ( One approach is to use the distinctly different saturation behaviour seen for S 2 and S 3 (Fig. 5 ).
Comparing double difference spectra and taken between the f2(S 3 ) spectra and f1(S 2 ) spectra at 6 T, where both S 2 and S 3 are saturated and those taken at 2 T where only S 3 is saturated allows extraction of an OECbased S 3 spectrum (see Fig. SI_3 .3b), independent of any estimate of the yield of S 3 .
A second procedure that leads to less noisy spectra, is to use the yield of S 3 , as determined via a graphics-based determination of the magnitude of the narrow and distinctive S 2 features remaining in f2(S 3 ) spectra to determine the OEC-based profile of S 3 . A comparison of S 3 profiles determined by these procedures is provided in Fig. SI_3 .3b. Both procedures lead to similar very lineshapes and amplitudes.
The yield-based spectrum, determined by difference spectra taken at 2 T as well as the saturation-based spectrum are less prone to errors but are noisier.
The S 0 OEC-based spectrum, having B-term behaviour, is easily distinguishable from other S-states.
Once the Chl-a B-term component is accounted for, the S 0 OEC-based profile can be distinguished from both cytochrome signals and other S-state OEC-based components, which become largely saturated at 5 T and 1.8 K.
Having determined OEC-based S-state MCD profiles of S 2 and S 3 using the procedures above, it becomes possible to reliably model both the Chl-a and cytochrome MCD components by fitting these (with
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The fitted curves for cytochrome and Chl-a components determined in Fig. 6 can, with only minor amplitude changes of the components associated with changes in individual sample concentrations and fraction of oxidised cytochromes, can be used to generate OEC-based MCD spectra of the other S-states.
The complete set of OEC-based spectra is shown in Fig. 7 . These data have better signal to noise than those generated by double differences etc., and as the spectra contains no components due to PS I, can be put on a PS II molar extinction scale. The narrow S-state dependent features have a  between 0.5 and 4 M -1 cm -1 at 5 T and 1.8 K.
Narrow Mn(IV) features in the Near-IR MCD of Model Compounds
Weak, narrow MCD features, assigned to 4 A→ 2 E spin forbidden transitions of Mn(IV) have been reported [55] in the near-IR region for a number of Mn(III)-Mn(IV) -oxo bridged dimers. These dimers served to model MnCat, which is an enzyme that is structurally related to the OEC. The data in Fig. 8 [56] . The latter dimer exhibits a weak narrow band at 880 nm. Also shown in Fig. 8 are MCD measurements of the Mn cubane oligomer cubium + , which serves as a model compound for the OEC [57] . This system exhibits two narrow MCD features, at 683 nm and 709 nm. This observation is consistent with there being two distinct Mn(VI)s in this system.
Discussion
Spectral Assignments and the Nephelauxetic Effect
A key characteristic of the OEC S-state dependent MCD spectra in the S 1 , S 2 and S 3 states is that they exhibit features with FWHM widths of only 10-20 nm FWHM (Table 1) The lowest-energy orbital configuration of the octahedral d 3 ion is t 2g 3 . The lowest energy term is then 4 A g , in which each of the three t 2g electrons are parallel. The first excited state is 2 E g and it has the same orbital configuration as the ground state, t 2g 3 , with one electron spin 'flipped'. This excitation derives its energy from the change in electron repulsion amongst the t 2g electrons upon inverting a spin and is affected little by energy changes in low symmetry splittings of t 2g and e g orbitals (which are determined by ligand fields). As the orbital configuration in a spin-flip excitation is not changed, there is little nuclear displacement between the ground and excited state. Consequently, the dominant intensity resides in the purely electronic excitation with little intensity occurring in vibrational sidelines. This purely electronic nature ensures spin-flip excitations narrow.
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Although spin-flips are ligand-field independent, it was recognised long ago that their excitation energy varied significantly with the nature of the ligands co-ordinating the metal [58] . F -coordination led to excitation energies closest to that of the corresponding atomic, gas phase excitation of the free ion whilst A recent review on the nephelauxatic effect [65] has reiterated the point that there are clear anomalies in attributing the effect simply to delocalisation of d electrons. An alternative approach is to attribute the effect to the polarisability of ligands rather than delocalisation. A differential nephelauxetic effect has been reported between t 2 and e orbitals [66] . This work also indicates a quasi additivity of the nephelauxetic shift in a series of hexadentate complexes in which the ratio of ligating N to S atoms is varied. A beautiful example of a quasi-additivity of shifts is provided by the study of series of mixed Ni(II) doped bromides/chlorides [67] . An analysis of the relativistic nephelauxetic effect establishes that spin orbit coupling on a metal can be significantly reduced [68] via this process.
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Spin-flips in the Mn 4 CaO 5 cluster (Table 1) occur over a relatively part of this overall range seen for the Mn(IV) systems discussed above. The data in Table 1 show two similar energy peaks in both S 1 and S 2 i.e.
at ≈ 770 nm and ≈ 800 nm. These are provisionally assigned to the Mn2 and Mn3 atoms of the cluster, as they do not change their valence in passing from S 1 to S 2 within the dominant OEC model. The additional sharp positive peak created at 749 nm in S 2 , is then assigned to Mn4. More definitive assignments would be greatly assisted by MCD measurements on the near-IR illuminated forms of S 2 and S 3 . Our samples showed low yields of these conversions (SI_3.2). The S 2 -g4 state shows the emergence a broad putatively Mn(III) d-d band, which could then be associated with Mn4, but more detailed spectra are required.
Magnitude and sign of spin-flip MCD
The rationale in 4.1 points to an assignment, based on energetics, bandwidths and model compounds, (Table 1) .
Absorption cannot be greater than 2x as by definition, A=A L -A R and A=(A L +A R )/2. Thus PS II spinflips must have  >0.2 M -1 cm -1 . The ratio A/A >0.1 in MCD is rarely exceeded, and is likely to be ≈2 M -1 cm -1 or higher. Even at this intensity, the absorbance due to the OEC in our sample would not exceed 5x10 -5 and thus be significantly weaker than vibrational overtone features exhibited by the sample.
The relatively strong absorption intensity implied from the intensity of MCD in PS II (and MnCat model compounds) for Mn(IV) spin-flips, arises from the magnetic exchange-coupled electric dipole mechanism [69] . This process is known to dramatically enhance spin-forbidden absorption by compensating the spin change upon electronic excitation of one metal centre by simultaneously changing the spin level of the exchange coupled dimer (or cluster), so that the total S=0 spin selection rule for optical excitation is preserved [70] .
The absorption mechanism and thus MCD associated with such an exchange-coupled enhanced absorption process is quite distinct from that arising from the normal, single-centre (spin-orbit mixing with spin-allowed states) process. A summary of some of the concepts involved is given in SI_4.2. The consequences of the exchange-coupled mechanism are that not only the intensity of a spin-flip absorption dramatically increases, but also that the relative magnitude of MCD to absorption (A/A) can vary. Even the sign of the MCD can reverse.
The VTVH MCD behaviour exhibited in magnetically-coupled systems is inherently complex but also is both distinctive and informative. In PS II, each Mn in the Mn 4 CaO 5 cluster is coupled to the other Mn
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A C C E P T E D M A N U S C R I P T th October 2017 atoms via exchange parameters |J| of the order of 0.1-50 cm -1 and the coupling can be either ferromagnetic (J>0) or antiferromagnetic (J<0). These couplings lead to a (magnetic) ground state of the cluster having a particular net total spin value in its lowest magnetic state. This spin value is often determinable through EPR measurements. There will also be a number of (magnetically) excited states of the cluster in which the total spin changes, and these will become populated at higher temperatures. In our MCD measurements, the applied magnetic field is varied between 0 and 6 T. This can lead to Zeeman shifts that are larger than the energy separations in the exchange coupled ladder of the cluster. Zeeman shifts can lead to spin sublevels of higher excited states being populated at 1.8 K or even becoming the lowest state. An example of this type of behaviour is given in our analysis of the S 1 state, where J=-0.2 cm Having established the feasibility and utility of S-state dependent MCD spectroscopy, now heralded is the opportunity to make parallel S-state dependent MCD measurements on any of the wide range of modified PS II core preparations, especially those targeting the critical and malleable S 3 state. MCD measurements of PS II derived from other organisms will also be invaluable. An immediate example would be to study S 1 in Synechosystis sp. PCC 6803, where highly structured EPR has been reported [75] .
Another would be to measure S 0 MCD in a sample in which methanol has been added. Methanol has been shown to significantly affect the S 0 EPR of spinach [51] . th October 2017
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Near-IR MCD of the S 2 state (green) together with fits to the cytochrome (red) and Chl-a (blue) components (see text). The residual OEC-based S 2 MCD, after these fitted components have been subtracted, is also shown (dotted black).
